es, 25 and downregulation of c-myc 40 and cyclin D1 22 have been proposed as downstream effects of endostatin's interaction with its target molecules. Importantly, the processes acted on by endostatin are exclusive to new vessel formation; therefore, quiescent vasculature is not affected. 2, 13, 42, 43 The antitumor potency of recombinant endostatin was a subject of controversy during the last decade. Initial reports demonstrated regression of preestablished subcutaneous tumors in mice, leaving microscopic, dormant nodules that failed to regrow after repeated therapy. 5, 6, 35 Although most subsequent studies have confirmed endostatin's inhibitory effect on tumor growth, eradication of established tumors and sustained survival of affected animals has not been reproduced. 3, 4, 38 More contradictory results have been reported by others, who found no effect on tumor growth or metastatic spread, even when high systemic concentrations were obtained. 14, 36 Notably, high systemic levels of an angiogenesis inhibitor may not necessarily ensure sufficient concentration at the tumor site. Furthermore, both precipitated and soluble forms of human and murine endostatin have been used throughout these studies 42 without a systematic comparison of their therapeutic efficacies. Therefore, both the variations in endostatin biodistribution and the differences in biological efficacy of the different protein forms may have contributed to conflicting data regarding endostatin's antitumor efficacy.
To distinguish between these parameters, we used genetically modified tumor cells that stably expressed and released endostatin. This provided continuous local delivery, thereby eliminating variations in biological distribution as a source of error, allowing us to assess the in vivo biological efficacy of endostatin in a more direct manner. Our findings demonstrate that tumors that provide local production of murine endostatin inhibit angiogenesis, leading to suppressed tumor growth when compared with both mock-infected tumors and tumors that overexpress human endostatin. We suggest that the unequivocal results obtained in previous studies may be attributed to both inadequate biological distribution and to the differences in activity between the endostatin species-specific forms.
Materials and Methods

Cell Lines and Culture Conditions
The BT4C rat gliosarcoma cells 31 were grown in Dulbecco modified Eagle medium supplied with 10% heat-inactivated newborn calf serum, four times the prescribed concentration of nonessential amino acids, L-glutamine, penicillin (100 IU/ml), and streptomycin (100 μg/ ml). Phoenix Eco packaging cells (SD 3444; American Type Culture Collection, Manassas, VA) were cultured in the same medium, except that the newborn calf serum was replaced with heat-inactivated fetal calf serum. The cells were kept in a 37˚C humidified incubator with an atmosphere containing 5% CO 2 .
Vector Construction
The pCEP/Pu-AC7 expression vector 29 contained either the human or the murine endostatin cDNA fused to the secretion signal peptide sequence of the BM-40 protein. The expression cassettes were released from pCEP/Pu-AC7 by endonuclease treatment with HpaI and HindIII, and subcloned into the pLNCX retroviral vector containing the neomycin resistance gene (Clontech Laboratories, Inc., Palo Alto, CA) to yield recombinant vectors containing cDNA for murine endostatin (pLNCX-mENDO) or human endostatin (pLNCX-hENDO). The absence of mutations in both constructs was verified by polymerase chain reaction sequencing and sequence comparison analysis by using appropriate software (Edit View program, version 1.0.1; Applied Biosystems, Foster City, CA) with the BLASTn search tool. The pLEGFP-N1 expression vector (Clontech Laboratories, Inc.) was used to generate retroviruses containing the EGFP cDNA, to be used as positive controls for the infection and selection process.
Generation of Recombinant Retroviral Particles
The pLNCX-mENDO, pLNCX-hENDO, and pLEGFP-N1 expression vectors and the pLNCX expression vector without an insert were transfected into the Phoenix Ecotrophic packaging cells by standard calcium phosphate DNA precipitation.
1 Retrovirus-containing conditioned medium was harvested from the packaging cells every 12 hours beginning 48 hours posttransfection. The medium was supplemented with hexadimethrine bromide (Polybrene; Sigma, St. Louis, MO) to 4 g/ml and added immediately onto subconfluent BT4C cells through a 0.45-μm polyether sulfon syringe filter (Pall Gelman Laboratory, Ann Arbor, MI). No replication-competent retroviruses were detected in the supernatants when we performed serial infections of new batches of BT4C cells.
Retroviral Transduction
Forty-eight hours postinfection, the BT4C cells were selected for the neomycin resistance gene contained in the expression vector by using 1.3 mg/ml G418 (Sigma, St. Louis, MO). Selective pressure was maintained during further culturing. After selection, individual resistant clones were isolated using sterile cloning rings and transferred to individual wells in 24-well plates. Cells expressing murine endostatin were designated BT4C mENDO, those expressing human endostatin were designated BT4C hENDO, and mock infectants were designated BT4C mock. Green fluorescence protein expression in the EGFP-positive BT4C cells was observed with the aid of a Leica confocal laser microscope with fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate filter settings (TCS-NT; Leica Microsystems Heidelberg GmbH, Heidelberg, Germany).
Assessment of Endostatin Production
To verify endostatin protein secretion from the selected cell clones, conditioned culture media were collected and evaluated using Western blot analysis. Confluent monolayers of cells in 75-cm 3 flasks were overlaid with 6 ml OptiMEM serum-free medium (Life Technologies, Gaithersburg, MD) and incubated for 24 hours. Conditioned medium from BT4C mock cells was prepared the same way and used as a negative control. Twenty-microliter samples of the media were run under reducing conditions on 12% polyacrylamide gels followed by transfer to 0.2-m Protran nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). For detection of human endostatin, the membranes were probed with rabbit anti-human endostatin antiserum or with purified rabbit anti-human endostatin antibodies (Chemicon, Inc., Temecula, CA) at a 1:1000 or 1:100 dilution, respectively. Murine endostatin was detected using purified rabbit anti-mouse endostatin antibodies (Chemicon, Inc.) at a 1:100 dilution. Positive bands for endostatin were visualized using chromogenic substrates catalyzed by alkaline phosphatase-or horseradish peroxidase-conjugated secondary antibodies (Dako Cytomation, Glostrup, Denmark) at a 1:1000 dilution. To quantify the amount of released endostatin, conditioned media samples were collected after a 24-hour incubation period and analyzed using sandwich ELISA (enzyme immunoassay kits) (CytElisa; Nordic Biosite AB, Täby, Sweden) following the manufacturer's instructions. The kits contained specific antibodies directed against the human or murine species-specific form of endostatin. To quantify endostatin secretion in vivo, CSF samples obtained from animals implanted with cells and control animals were analyzed similarly by Western blot analysis and sandwich ELISA. In addition, the concentration of endostatin in the conditioned culture medium from an explanted tumor spread out in a monolayer cell culture was quantified after 48 hours of incubation by using a competitive ELISA kit (Accucyte; Nordic Biosite AB).
Tumor Inoculation
Forty-five male and female BDIX rats, each weighing between 50 and 100 g, were maintained on a standard pellet diet, given unlimited access to water, and caged at constant temperature and humidity.
Anesthesia was induced in the rats by a subcutaneous injection of midazolam (0.2 g/100 g), fentanyl citrate (0.0126 g/100 g), and fluanizone (0.4 g/100 g) before the animals were mounted in a small animal stereotactic frame (model 900; David Kopf Instruments, Tujunga, CA). Following a midsagittal incision, a bur hole was prepared 1 mm posterior to the bregma and 3 mm to the right of the midline suture. A 5-l suspension containing either BT4C mENDO cells (15 rats), BT4C hENDO cells (15 rats), or BT4C mock cells (15 rats) was injected, with the aid of a 10-l Hamilton syringe connected to a micropump, to a depth of 2.5 mm from the dura mater. For all animals, a total of 40,000 cells were implanted. The animals were observed daily and were killed by an overdose of CO 2 when neurological symptoms occurred. The experiments were terminated 7 months postimplantation, at which time all the remaining animals were killed. All experiments were approved by the Norwegian Animal Research Authority and were in accordance with the Animal (Scientific Procedures) Act of 1986.
Magnetic Resonance Imaging and Analysis of Vascular Parameters
The animals were evaluated for tumor growth and the presence of necrosis 3 weeks postimplantation by using an MR imaging system (Magnetom Vision Plus 1.5-tesla unit; Siemens, Erlangen, Germany) and a small loop finger coil as previously described. 45 After they had been anesthesized, the rats were fixed in a polystyrene immobilizing tube. Coronal T 1 -weighted sequences (TR 400 msec, TE 14 msec, slice thickness 2 mm, and distance between the centers of slices 2 mm in all 13 coronal slices covering the forebrain) were obtained before and after a subcutaneous injection of contrast agent (1 ml Gd, 0.5 mmol/ml), and coronal T 2 -weighted sequences (TR 4000 msec, TE 96 msec, slice thickness 2 mm, distance between centers of slices 2 mm, in a total of 19 coronal slices covering the forebrain) were also obtained.
To assess microvascular function and tumor volumes, the rats underwent dynamic contrast-enhanced T 1 -weighted MR imaging at 2.35 teslas by using another MR imaging unit (Bruker Biospec Avance DBX-100; Bruker BioSpin MRI GmbH, Ettlingen, Germany). Anesthesia was induced in the animals and continuously maintained by the administration of 1 to 2% isoflurane in 70/30% N 2 /O 2 through a face mask. The rats were placed supine on a cradle filled with circulating fluorocarbons at 37 to 38°C. A polyethylene catheter was inserted into the right femoral vein for intravenous injection of contrast agent. The following key parameters for the dynamic contrast-enhanced sequence were used: 10 axial slices, slice thickness 3 mm, field of view 3.5 cm, matrix size 64 ϫ 64, TR 82.5 msec, TE 5 msec, total acquisition time approximately 18 minutes. Contrast agent was injected as a short bolus after acquisition of four baseline images. Signal intensity was converted to a Gd concentration by using pre-contrast agent administration T 1 values from T 1 maps based on spin echo images (TRs 100, 300, 500, 1500, and 2000 msec; TE 8.8 msec) with a geometry identical to that used for the dynamic imaging sequence.
The microcirculatory transport of tracer in the tumor tissue was characterized by the following tracer kinetic constant parameters: D 0 (in mM), proportional to the blood plasma volume fraction; D 1 (in mM/minute), proportional to the transfer constant of tracer from blood plasma to the extravascular compartment multiplied by the leakage space volume fraction; and K 2 (1/minute), proportional to the ratio between the transfer constant of the tracer from the extravascular compartment to blood plasma and the leakage space volume fraction. 44 The tracer kinetic constants D 0 , D 1 , and K 2 were obtained by curve fitting according to the method proposed by Su and colleagues. 44 An entire tumor ROI (Ͼ 100 pixels) was selected from the middle slice at the time point of peak intensity (2-3 minutes after contrast agent administration), and parametric maps were obtained. The values are reported as the mean numbers of pixels in the tumor ROI. When no tumor was apparent, an ROI of 300 pixels was placed at the site of tumor cell implantation.
Immunostaining and Assessment of Microvessel Density and Area Fractions
Formalin-fixed, paraffin-embedded tissue sections were placed in a xylene bath (two times for 3 minutes each), followed by baths in absolute ethanol (two times for 3 minutes each), 96% ethanol (two times for 3 minutes each), and distilled water (30 seconds) for removal of the paraffin and rehydration. The following primary antibodies were used, diluted in TBS: polyclonal rabbit anti-human von Willebrand factor (Dako Cytomation, 1:500), rabbit anti-human endostatin (Chemicon, Inc., Temecula, CA, 1:400), or rabbit anti-murine endostatin (Chemicon, Inc., 1:100). The tissue sections were stained using the EnVisionϩ system (Dako Cytomation), using horseradish peroxidase-conjugated secondary antibodies and 3Ј3-diaminobenzidine for signal development. The manufacturer's protocol was followed. Routine Harris H & E counterstaining was performed to visualize the tissue structure and the morphological characteristics of the nucleus.
Sections immunostained for von Willebrand factor were inspected for areas of high microvessel density at 40 magnification. In each tumor, 25 regions (five visual fields in five areas) were selected for a closer analysis at 400 magnification. For image acquisition, the observers set a threshold to distinguish vascular elements from surrounding tissue, which were then assessed using a morphometry software package (LUCIA G software; Laboratory Imaging Ltd., Prague, Czech Republic).
Statistical Analysis
The survival time of the animals, microvessel densities, and vascular area fractions were analyzed using GraphPad Prism statistical software (GraphPad Software, San Diego, CA). For dynamic contrast-enhanced MR images, data plotting and statistical analysis were performed using the SPSS software package (version 10.1; SPSS Inc., Chicago, IL). Spearman rank correlation tests were applied at a significance level of 0.01. For a comparison of tumor volumes, the differences among the three groups were analyzed using the Kruskal-Wallis test for independent multiple variables. Thereafter, tumor volumes within in each treatment group were compared with those in the control group by applying the Mann-Whitney test for twogroup comparisons.
Results
Endostatin Expression in Retrovirally Transduced BT4C Cells
To generate recombinant retroviruses carrying human or murine endostatin cDNA, the respective sequences were subcloned into the pLNCX retroviral expression vector. The secretion signal peptide sequences were fused to the endostatin sequences to ensure secretion of the protein from the transduced cells. Production of infectious particles was conducted as described earlier.
The expression cassettes of the retroviral vectors are shown in Fig. 1B . To evaluate the efficiency of the gene transfer, the entire transduction and selection procedure was performed in pairs when a parallel batch of cells was infected with EGFP-encoding retroviruses. Following antibiotic selection, nearly 100% transgene expression was obtained, as detected by fluorescence microscopy (Fig. 1C) . Endostatin production and release was validated in vitro, in vivo, and ex vivo by performing Western blot analyses of tumor cell-conditioned media and CSF samples. Murine and human endostatin each appeared as a clear, single band of 22 kD on the Western blots (Fig. 1D) . Endostatin was detected in media samples conditioned by BT4C cells after antibiot- ic selection (Fig. 1D left) . In addition, when the cells were cultured without selective antibiotic pressure for 10 weeks (similar to the in vivo setting), endostatin secretion was maintained at similar levels (Fig. 1D right) . Lower levels of endostatin were detected in the CSF samples than in the conditioned media (Fig. 1D center) . A yield of at least 40 l CSF was necessary to detect endostatin in this setting. For further verification, some of the endostatin-producing tumors were dissected out, minced, and plated in selective medium. We did not observe substantial cell death, suggesting that the neomycin resistance conferred by the vector was not inactivated in vivo. Endostatin production and release from the explanted tumor cells was detected at levels similar to that before implantation (Fig. 1D right) .
Assessment of Endostatin Levels In Vitro and In Vivo
We quantified the concentration of endostatin present in the conditioned media and CSF samples by performing ELISAs. The BT4C hENDO cells released 86.0 Ϯ 4.9 ng/ ml (mean Ϯ SEM) human endostatin, whereas the BT4C mENDO cells released 91.2 Ϯ 6.1 ng/ml murine endostatin during a 24-hour period in culture (Fig. 1E) . In all cases, the levels of endostatin in the conditioned media from BT4C cells infected by empty vectors were below the standard curve range.
The concentrations of murine endostatin in two different CSF samples were 1.01 Ϯ 0.03 and 1.67 Ϯ 0.11 ng/ml (Fig.  1E right, three measurements for each sample). The concentration of human endostatin in the culture medium conditioned by a tumor explant in monolayer was found to be 225.5 Ϯ 30.3 ng/ml following 48 hours of incubation (Fig.  1E left) .
Tumor Progression
To evaluate tumor growth, all animals were examined by performing MR imaging 3 weeks after cell implantation. The tumors appeared as expansive, strongly contrast-enhancing lesions on T 1 -weighted sequences following injections of Gd ( Fig. 2A) . In several animals, the presence of the tumor was accompanied by obstructive hydrocephalus with entrapment of CSF in the lateral ventricles ( Fig. 2A, red arrowheads) . The presence of tumor was confirmed in all the control animals. In the group of rats treated with human endostatin, all but two rats had a visible lesion at the time of MR imaging. In one of these a brain tumor developed at a later stage, leading to the death of the animal. The other rat did not display any symptom during the time course of the experiment, and no visible tumor was recorded on histological examination. In the group of rats implanted with BT4C cells secreting murine endostatin, no visible tumors were detected by MR imaging in six of the animals. All these animals remained free from symptoms during an observation period that lasted 7 months. After the animals had been killed, their brains did not appear to harbor any tumor on macroscopic inspection or histological examination. The human endostatin-secreting tumors varied in size, but were not significantly smaller than those in the control group. Several of these tumors displayed a low signal intensity ar-P. C. Huszthy, et al. ea centrally, however, suggesting the presence of necroses. This was later verified by histological examination.
Tumor Volumes
Tumor volume estimates were obtained by manual segmentation of MR imaging data that were corrected for interslice distances. The mean (Ϯ SEM) tumor volumes were 0.021 Ϯ 0.015 cm 3 for five animals in the murine endostatin-treated group, 0.095 Ϯ 0.055 cm 3 for five animals in the human endostatin-treated group, and 0.181 Ϯ 0.028 cm 3 for four animals in the control group, as estimated from a review of MR images obtained 3 weeks postimplantation (Fig. 2B) . Differences among the three groups were of statistical significance (p = 0.029, Kruskal-Wallis test). A paired comparison revealed a significant difference in tumor reduction between the murine endostatin-secreting tumors and control lesions (p = 0.016), whereas the difference in tumor volume between human endostatin-secreting tumors and control lesions was not significant (p = 0.19).
Functional Characterization of Endostatin Treatment on Glioma Vasculature
The D 0 , proportional to the blood plasma volume fraction, was significantly lower in the murine endostatin-treated group (0.095 Ϯ 0.034 mM [mean Ϯ SEM]), but not in the human endostatin-treated group (0.263 Ϯ 0.088 mM), when compared with that of the control group (0.327 Ϯ 0.073 mM; Fig. 2C ). Microvessel permeability, K 2 , did not differ significantly among the groups (means Ϯ SEMs: 0.252 Ϯ 0.042/minute in the murine endostatin-treated group, 0.234 Ϯ 0.04/minute in the human endostatin-treated group, and 0.214 Ϯ 0.017/minute in the control group; Fig. 2D ).
Survival Data
The duration of survival for each animal was defined as the time from tumor cell implantation to the occurrence of symptoms related to tumor growth, at which point the animal was killed. Animals treated with murine endostatin Endostatin's efficacy dependent on species-specific form Notably, 40% of the animals in the murine endostatin treatment group remained free from tumor during the entire observation period. In the control group, the mean (Ϯ SEM) survival was 34.3 Ϯ 1.5 days, whereas in the group of rats treated with human endostatin it was 45.2 Ϯ 12.1 days. Although the latter group did not have a significantly longer mean survival time, no tumor developed in one animal and in another animal, the survival time was prolonged (72 days) despite the appearance of a tumor.
Histological Characteristics of the Tumors
Rat brains from the treatment groups and the control group were sectioned and stained with H & E. In the control lesions (BT4C mock), the cells had a pleomorphic appearance with atypical nuclei and numerous mitotic figures.
The angioarchitecture in the tumor bulk was deranged, with irregular, markedly dilated vessels and several sites of endothelial cell proliferation (Fig. 3A) . In tumors that released human or murine endostatin, large necrotic areas were present in the central regions (Fig. 3B) . Necrotic regions were not seen in control lesions, which appeared homogeneous and hypercellular. In specimens from both treated and control groups, abnormal vessels were observed at the host-tumor interface, with leakage of blood into the extravascular space, indicating a disrupted blood-brain barrier (Fig. 3C  and D) .
Microvessel Density and Vascular Area Fraction
Tumor specimens from animals in the treatment and control groups were immunostained for the endothelial cell marker von Willebrand factor, which allowed for the assessment of microvessel density and vascular area fractions ( Fig. 4A and B) . In tumors that endogenously released murine endostatin, the microvessel density counts were reduced by 84% and the vascular area fraction was lowered by 75% compared with control tumors (for both parameters p Ͻ 0.0001; Fig. 4C and D) . In tumors that released human endostatin, the microvessel density was 36% lower than that in the control tumors (Fig. 4D) ; however, the reduction in the vascular area fraction in this group was not significant.
Evaluation of In Vivo Endostatin Distribution and Tissue Toxicity
Paraffin-embedded brain sections from the treatment and control groups were immunostained to evaluate the tissue expression of endostatin. Positive staining was observed in both treatment groups (Fig. 5A) , whereas no staining was observed in tumors from the control group or in normal brain tissue of animals from either the treatment or control groups (Fig. 5C) . Endostatin was markedly overexpressed in the central areas of the tumors, with less expression in peripheral areas (Fig. 5A) . No staining was observed in vascular endothelial cells in the tumor or in brain tissue. Endostatin was found to be uniformly distributed in the cytoplasm of the transduced BT4C cells (Fig. 5D ).
Hematoxylin and eosin-stained sections were evaluated for signs of potential brain tissue toxicity, which might have Endostatin's efficacy dependent on species-specific form been caused by soluble endostatin produced by the tumor. Brain tissue areas adjacent to necrotic tumors displayed normal histological characteristics ( Fig. 5B and E) . The neuronal nuclei and the fiber networks were intact. No histopathological changes were observed in the brain vasculature in the vicinity of the tumor. The blood vessels displayed normal morphological characteristics and contained erythrocytes indicative of functional blood flow (Fig. 5F ).
Discussion
Angiogenesis has been shown to be a main control switch facilitating the progression of solid tumors from microscopic lesions to macroscopic malignancies. 19 During the preangiogenic phase of tumor development, the increasing oxygen demand of proliferating neoplastic cells triggers a hypoxic response, leading to the release of proangiogenic cytokines such as vascular endothelial growth factor and platelet-derived growth factor. In turn, these soluble factors promote endothelial cell proliferation and vascular tube formation. 7, 47 When an inhibitor counteracts the angiogenic process, the neoplastic cells undergo prolonged starvation, which limits tumor growth rate. The application of angiogenesis inhibitors for cancer therapy has been well established in preclinical models and several inhibitors are now being evaluated in the clinical setting. 18 In the present work, we demonstrate that the continuous local delivery of murine endostatin significantly prolongs the survival of rats harboring intracranial BT4C gliomas. Tumor development was abolished in 40% of the rats within this treatment group with no visible tumors on macroscopic examination after 7 months. Tumor volumes within this group were shown to be significantly smaller than those in the control group. These results are in line with experimental studies on other cancer subtypes in which endostatin suppresses tumor growth. [3] [4] [5] 8, 16, 23, 26, 30, 33, 35, [37] [38] [39] 48 In contrast to previous work, however, we did not observe significantly prolonged survival or tumor volume reduction after treatment with human endostatin. The reason for this discrepancy is unclear. Because the levels of murine and human endostatin produced by the cells were shown to be similar in vitro, and because the cells were made using identical retroviral vectors, our findings suggest that species-specific differences between the endostatin protein forms may be of biological importance. Human and murine endostatin differ by 25 amino acid substitutions distributed along the whole sequence string, whereas rat and murine endostatin only differ by eight amino acids (Fig 1A) . It is therefore reasonable to assume that murine endostatin has a higher affinity than human endostatin for the rat receptor expressed by the host.
Tumors that overexpressed either the murine or the human species-specific form of endostatin exhibited large necrotic areas, indicating that both endostatins counteracted tumor angiogenesis. Importantly, murine endostatin significantly reduced mean plasma volume fractions, microvessel density counts, and vascular area fractions. For all these parameters, an inhibition of more than 70% was observed compared with corresponding values in the control group. This indicates that murine endostatin was very potent at inhibiting both microvessel formation and vascular function in our experimental setting. We also report a 36% reduction in mean microvessel density in the human endostatin treatment group. The vascular area fractions were lower in human endostatin-treated tumors than in control tumors, although this difference did not reach statistical significance. From the survival analysis, it seems that within both treatment groups, two subgroups were present-one group of tumors in which endostatin inhibited tumor growth and one in which it did not. The pattern seems to corroborate the onoff nature of the angiogenic switch, in which a critical level of inhibitors versus effectors has to be reached to turn off angiogenesis.
Survival correlated inversely with MR imaging-derived estimates of tumor volume and blood plasma volume (D 0 ), but surprisingly not with the microvessel permeabilityrelated parameter K 2 . Thus, we can infer from the MR imaging data that neither form of endostatin can hinder hyperpermeability in persistent tumor microvessels, and that the number of functional tumor vessels might be a better surrogate response indicator than the change in their permeability. The latter is supported by findings of a previous study, 37 in which no difference in microvascular permeability was found between human endostatin-treated or control C6 gliomas when analyzed using intravital microscopy.
In histological studies involving immunostaining, endostatin was found to be expressed in vivo exclusively by the transduced BT4C cells. We did not observe specific staining for endostatin throughout the host brain tissue, although we cannot rule out that soluble endostatin secreted by BT4C ENDO cells diffused outside the tumor bed. Indeed, low levels of endostatin were present in the CSF of animals in the treatment groups. Still, we did not observe any signs of normal tissue toxicity. The host brain tissue adjacent to the tumors exhibited regular histological characteristics with intact parenchyma and functional microvessels. Necrotic areas were not observed. This is in line with previous findings suggesting that soluble endostatin only affects pathological angiogenesis and does not cause any toxicity or antivascular effects in normal tissues. 43 We injected suspensions of endostatin-secreting or mockinfected glioma cells into the rat brain to assess the effect of endostatin on angiogenesis-dependent tumor establishment and progression. We believe this approach mimics the postoperative clinical situation, in which recurrent solid lesions arise from dispersed glioma cells after the initiation of angiogenesis. Because each implanted glioma cell in the treatment group secreted endostatin, our experimental design resembles the situation following a highly successful gene therapy regimen with complete tumor transductionone that cannot be obtained with vector systems that are currently available. Nevertheless, it provides a reliable assessment of the biological efficacy of endostatin in vivo, and as such, estimates the potential of this inhibitor when more potent vector systems are made available.
Conclusions
We report that local treatment with both human and murine endostatin led to the development of central necroses in intracranial rat gliomas. We observed interspecies cross-reactivity between both endostatin forms and the rat receptor, demonstrating a higher biological effect when the murine form was used. Importantly, overexpression of soluble murine endostatin inhibited tumor growth and improved the survival of animals in a syngeneic rat model without any apparent toxic effects on normal brain tissue.
